In this paper, the combined effect of domain size, lattice orientation and crack length on the mechanical properties of Graphene, namely the yield strength and strain, are studied extensively based on molecular dynamics simulations. Numerical predictions are compared with the continuum-based laws of size effect and multifractal scaling. The yield strength is found to vary with the specimen size as %L À1/3 , which is in agreement with the multifractal scaling law, and with the inverse square of the initial crack length as % a À1=2 0 , according to the Griffith's energy criterion for fracture.
Introduction
Graphene is an extensively used material in a wide range of applications, where it appears to be very promising due to its unique properties, see [33, 11, 57] , and several useful material properties [26, 39, 61] . Because of its extreme mechanical properties [24] , Graphene can be used as a strengthening component in composites [32, 19] . As the demand for Graphene-based applications is growing, it is important to understand the mechanical properties that affect the device performance and reliability. The mechanical properties of bulk Graphene are extensively studied both based on experiments [34, 30] and simulations [60, 37] . However, due to the practical difficulties in setting-up experiments [31] , experimental characterization of the mechanical properties of Graphene is still challenging. Therefore, numerical simulations and multiscale methods for fracture [63] [64] [65] [66] [67] are good alternatives for predicting fracture related properties of Graphene. Tiwary et al. [51] have performed numerical simulations to come up with a chemical free technique to synthesize Graphene. Several researchers have investigated the mechanical properties of Graphene based on molecular dynamics (MD) simulations [35, 28, 25] and continuum based techniques, as explained below.
Zheng et al. [62] investigated the mechanical properties based on MD simulations, of Graphene nanochain which is constructed by sewing up pristine or twisted Graphene nanoribbons (GNRs) and interlocking the obtained nanorings. The effects of length, width and twist angle of the constituent GNRs on the mechanical performance were also analyzed. Yang et al. [55] performed MD simulations to study the deformation behavior of nanocrystalline Graphene sheets. They found that Graphene sheets have almost the same stress and strain at fracture, but a decreasing elastic modulus with grain size. Dewapriya et al. [23] have performed MD simulations to investigate the temperature and strain rate dependent fracture strength of defective Graphene. They also came up with a continuum based fracture mechanics framework to characterize the temperature and strain rate dependent strength of defective Graphene sheets [22] .
Georgantzinos et al. [27] used an atomistic, spring-based, nonlinear finite element method to predict the mechanical behavior of Graphene nanoribbons. They reported that the linear and nonlinear mechanical properties are strongly dependent on the http://dx.doi.org/10.1016/j.commatsci.2016.08.016 0927-0256/Ó 2016 Elsevier B.V. All rights reserved. structure as well as on the size of the Graphene strip. A micromechanical finite element approach was proposed in [45] , to estimate the elastic mechanical properties of Graphene reinforced composites. They studied the composite materials consisting of Graphene monolayers uniformly distributed within the matrix, by considering a representative volume element. Liu et al. [36] studied the mechanical properties of various interlayer and intralayer cross links through first-principles calculations, and performed continuum based analysis for the overall mechanical properties of Graphene-based paper materials. They established a characteristic length (l 0 ) such that when the size of the Graphene sheets exceeds 3 l 0 , the tension-shear (TS) chain model fails to predict the overall mechanical properties of the Graphene-based papers.
Some size based studies reported in the literature on the estimation of the mechanical properties of Graphene are as follows. Yin et al. [56] demonstrated that the Griffith criterion is valid for small cracks of lengths up to 10 nm, where the strength of shorter cracks is over estimated. Sun et al. [47] have shown that the yield strength of both zigzag and armchair Graphene nanoribbons decreases with the ribbon length changing from 240 Å to 30 Å. However, the ductility of armchair Graphene nanoribbons was found to be improved with size reduction. Xu et al. [54] investigated the size-dependent mechanical properties and the edge effect of the tangential interface between Graphene and a polyethylene terephthalate substrate (PET) by in-situ Raman spectroscopy experiments. They observed the existence of the edge effect in the interfacial stress/strain transfer process, and the length of the edge of the interface can be affected by the size of Graphene. Wang et al. [53] studied the elastic properties of monolayer and multilayer Graphene nanofilms based on a structural mechanics approach. They proved the estimated Young's moduli and Poisson's ratios of monolayer Graphene nanofilms are size and chirality-dependent. They also validated the predicted Young's moduli and Poisson's ratios with the experimental results. Chu et al. [20] have investigated the size effect of finite-sized Graphene nanoribbons under uniaxial tension, based on MD simulations using an adaptive intermolecular reactive empirical bond order (AIREBO) potential. They reported the size effect and aspect ratio effects are significant in zigzag nanoribbons compared to the armchair nanoribbons.
Zhang et al. [58] reviewed the recent progress in experimental and theoretical studies on the fracture behaviors of Graphene. They reported that there are still significant yet unresolved issues related to the fracture of Graphene, in the areas of: size effect on the strength of polycrystalline Graphene; design of the Graphene structures with controlled fracture; influence of out-of-plane effects on fracture of Graphene; continuum modeling of Graphene fracture to capture the complicated modes, such as shear fracture coupled with wrinkling deformation and tear fracture, control the fracture behavior of Graphene by combing the chemical, irradiation and stress effects, to name a few. Datta et al. [21] have investigated the effect of different crack lengths in mixed mode loading conditions at 300 K, in the arm-chair and zig-zag Graphene by aligning the crack perpendicular to the lattice orientation. They also studied the effect of crack orientation in the arm-chair and zig-zag Graphene, retaining the same loading directions. Budarapu et al. [10] have studied the crack initiation and growth mechanisms in Graphene based on MD simulations. They studied the influence of the time step and the temperature on the post yielding behavior of Graphene based on a systematic study of the bond stretching and bond reorientation phenomena.
However, the combined effect of domain size and lattice orientation of initially notched Graphene sheets on its apparent mechanical properties is yet to be investigated in detail. Therefore, in the present work, an attempt has been made to derive the relation between the domain size, lattice orientation and the initial crack length on the mechanical properties of Graphene. Results based on molecular dynamics simulations are correlated to the existing continuum based scaling laws. The arrangement of the article is as follows: details of the numerical model are explained in Section 2. Details of the continuum based scaling laws and their correlations to MD simulations are discussed in Section 3. The effect of domain size, lattice orientation and crack length on the yield properties of Graphene are explained in Section 4. Key findings are summarized in Section 5.
Modelling and simulations
The main objective of the present work is to understand the combined effect of domain size, lattice orientation and the initial crack length on the mechanical properties of Graphene. To achieve the objective, uniaxial tensile tests on Graphene sheets are performed by varying domain size (L), lattice orientation angle (h) and initial crack length (a 0 ).
The atomistic model in the present work is developed by considering the hexagonal lattice structure of the Graphene sheet with a lattice constant 2.49 Å, see Fig. 1 (a). The atom to atom interactions of carbon in Graphene are modeled based on the Tersoff potential [49] , which has been successfully applied to predict mechanical properties of Graphene [9, 52, 50, 10, 68] . Variation of the fracture strength with the cut-off distance (r c ) at 0 K is plotted in Fig. 2 . According to Fig. 2 and to [44, 59] , a cut-off distance of 2.1 Å is considered to reproduce the physical observations. Hence, r c = 2.1 Å is used in all the simulations of the present work. An initial edge crack is created parallel to the x direction, in the middle of the domain along the y direction, as shown in Fig. 1(b) . The corresponding full scale atomistic model consists of a total number of atoms ranging from 3678 to 299936, for the domain sizes of 10 nm to 86 nm, depending on the lattice orientation. The initial crack is modeled by restricting the interactions between the atoms on either side of the crack surface, which is achieved by updating the neighbor list accordingly. Crack propagation is studied based on the natural bond breaking. The degrees of freedom along the x direction of the left and right edge atoms and along the y direction of the top and bottom edge atoms are restrained. An initial velocity of 0.1 angstroms/ pico-seconds (Å/ps) along the y direction is prescribed on the top and bottom edge atoms to study the crack growth.
In this work, the load is applied in terms of 'load cycles', which is defined as prescribing the velocity on the top and bottom edge atoms for a specified time period, followed by an equilibration for another specified time period. In each load cycle, the prescribed velocity on the top and bottom edge atoms is applied for a period of 1 ps, after which the system is equilibrated for a period of 1 ps. The stress computed in the present work is the averaged stress estimated based on the Virial theorem [38, 46] . The average virial stress (r) over a volume X with total number of atoms n A is calculated as
where m a is the mass of atom a; r is the position vector, f is the force vector and u a ; _ u a are the displacement and velocity vectors of atom a, respectively. Engineering strain is used as a measure of deformation, which is defined as (l À l 0 )/l 0 , where l is the instantaneous length and l 0 is the initial length of Graphene obtained after the first step of energy minimization corresponding to the initial configuration. The nominals strength in this work is extracted at the time of first bond break from the stress-strain curve. The yield strain is estimated as the strain at the first bond break from the strain-time data. The equations of motion and the time integration is carried out based on the Verlet algorithm [48] . The effect of numerical stability has been investigated in [10] . Budarapu et al. [10] have reported that 1.0 fs is sufficient to study the mechanical behavior of Graphene up to yielding. However, a much smaller time step is required to predict the crack growth more accurately. Since the objective is to study the yield properties, a time step of 1.0 fs has been considered in the present work. All the simulations are performed under isothermal loading conditions, at a temperature of %0 K (0.1 K). In the isothermal loading, the system temperature is maintained constant. However, the application of the initial velocities would lead to increase in the kinetic energy and hence, in the system temperature. Therefore, the isothermal conditions in the present work are achieved by velocity rescaling technique, where the velocities at each time step are rescaled to maintain the constant temperature of %0 K. The temperature of %0 K is considered to avoid the influence of temperature on the lattice orientations and crack length in the mechanical behavior of Graphene.
In this paper, we performed simulations by considering six different square domains (see Fig. 1(b) ) of dimensions of 10 Â 10 nm 
Continuum based scaling laws
In this work, results based on the molecular dynamics simulations are correlated to the size effect law (SEL) proposed by Bažant et al. [5] and to the multifractal scaling law (MFSL) proposed by Carpinteri [13] , used in continuum mechanics.
The original size effect law by Bažant et al. [5] was further improved in [2, 4, 3] , based on the information from larger specimen sizes. The established size effect law in Bažant et al. [5] is mainly governed by the total dissipated energy due to fracture (W f ). According to [5] , when a quasi-brittle structure has a deep notch or a large traction free crack that has formed before reaching the maximum load, the size effect on the mean nominal strength of structure is essentially energetic, with a negligible statistical effect [6, 8] . This is type II size effect law for the problems with a large crack, which is described in [1, 5] and is given by:
where r N is the nominal stress at failure, r y is the uni-axial yield strength, L 0 is the transitional size which depends on the characteristic length and the geometry and B is the empirical constants which depend on the geometrical shape of the structure but not on the size of the domain. Based on Eq. (2), the nominal strength is inversely dependent on the domain size, viz. 1= ffiffi ffi L p . On the other hand, Carpinteri [12, 13] proposed to model concrete damage by assuming that the rarefied resisting crosssections in correspondence to the peak load, A Yiled stress (GPa) Fig. 2 . Variation of the yield stress as a function of the cut-off distance. Fig. 3 . Schematics of the domains having same aspect ratios, used in the simulations. 2 -d r (d r P 0). Based on this assumption, the following scaling law for the nominal tensile strength was derived:
where r Ã is a scale invariant mechanical property, see also [14, 16, 41] , with anomalous physical dimensions ½F½L 2Àdr . Eq. (3) represents a power law with negative exponent -d r , indicating the negative size effect on the tensile strength, as discussed above. However, the single fractal scaling is valid for a size-limited scale range. As the size increases, fractality slowly vanishes (d r ! 0) with a corresponding homogenization of the failure domain [18, 17] . Therefore, the mechanical properties can be assumed to depend on the ratio between a characteristic material length (l ch ) and the size of the specimen (L). Carpinteri [13] reported that the experimental values of d r always lay between 0 and 1/2. For extremely brittle and disordered materials, the dimensional decrement d r tends to the Linear Elastic Fracture Mechanics (LEFM) limit, 1/2. Based on this, Carpinteri [13] and Carpinteri et al. [15] have proposed the multifractal scaling law for tensile strength as:
The scaling law in Eq. (4) is considered as a two-parameter model, where the asymptotic value of the nominal quantity, f t , corresponds to the lowest nominal tensile strength and it is reached in the limit of infinite sizes. The salient features and differences with applicability of SEL and MSFL were addressed in [7] . In the present work, an attempt has been made to correlate the MD results from various size and lattice orientations of Graphene based on the MD simulations to SEL and MFSL.
Results and discussion
In this work, we considered domains of similar shapes with different sizes to maintain the same aspect ratio as shown in Fig. 3 . Fig. 4 shows a closeup of the stress distribution on the deformed lattice configuration around the crack tip just before and after the breakup of first few bonds for domain sizes of 10 nm, 43 nm, 60 nm and 86 nm, when the lattice is oriented along 0°and 30°i n Fig. 4(a) and (b) , respectively. In the initial configuration, all the atoms are assumed to have the same potential energy. From  Fig. 4 , the fracture pattern is observed to be changing with the domain size and lattice orientation. Moreover, as the domain size increases, the time for the first bond break increases and the subsequent crack growth after the first bond break is observed to be fast. This is because as the domain size increases, the distance between the crack surface to the boundaries also increases. For example, the distance between crack surface and the top surface is 4.5 nm and 45 nm for domains sizes of 10 nm and 86 nm, respectively. This will result in a very fast load transfer from the top surface to the crack surface, for small domain sizes. Furthermore, the number of bonds broken after the first bond break are observed to be increasing with domain size for all the lattice orientations. This is because, increase of the specimen size increases the number of relatively weak bonds, which offers more possibilities for bond breaking and dislocations to occur, and thus reducing the strength of the specimen. Therefore, the mechanical stiffness of small domains is higher as compared to that typical of large domains. As a result, the yield values at the time of first bond break are higher for small domains, which can be noticed from Fig. 5(a) and (b) when the lattice is oriented along 0°and 30°, respectively.
Distribution of the stress with strain for various domain sizes, lattice orientations and initial notch sizes are plotted in Fig. 5 . Stress-strain plots with different domain sizes with an initial notch size of 0.5L when the lattice is oriented along 0°and 30°are plotted in Fig. 5(a) and (b) , respectively. From Fig. 5(a) and (b) , the yield strength can be observed to be decreasing with an increase in the domain size. This is mainly due to the fact that larger specimens offer more spaces for dislocations to initiate. Though constraints do exist in the form of boundary conditions in MD simulations, Graphene lattice is a discrete system with atoms distributed at certain positions. Atomic bonds are relatively weak parts compared to the individual atoms in the atomistic model. Therefore, increase of the specimen size increases the number of relatively weak bonds, which in turn offers more possibilities for bond breaking and dislocations to occur, and thus reduces the strength of the specimen. Stress-strain plots for different initial notch sizes when the lattice is oriented along 0°, for domain sizes of 30 nm and 43 nm are plotted in Fig. 5(c) and (d), respectively. From Fig. 5(c) and (d) , the drop in yield strength is observed to be significant for initial notch sizes less than 0.2L. This is due to the fact that when the initial notch size is less than 0.2L, higher energy is required to initiate the crack growth, which leads to higher yield stress and strain, compared the case with initial notch size more than 0.2L. Fig. 6 shows the distribution of the logarithm of yield stress (r N ) with the logarithm of the domain size (L), when the lattice is oriented along the 0°, 13.9°and 30°angles. The dotted lines in Fig. 6 represent the linear fits and the corresponding fitting equations are mentioned on top of the concerned curve. From Fig. 6 , the slope of the linear fit for the unnotched specimen is found to be %0, for all the domain sizes and lattice orientations. This confirms the fact that failure of unnotched materials obeys classical strength criteria irrespective of the type of analysis [1] .
Based on LEFM, yield strength varies inversely as the square root of the domain size (1= ffiffi ffi L p ), as explained in Eq. (2). Therefore, according to LEFM, the slope of the log(r N ) with log(L) plot should be À1/2. However, the average of the slopes of log(r N ) vs. log(L) curves in Fig. 6 , for notched specimens is estimated as À0.334, À0.316 and À0.344, when the lattice is oriented along the 0°, 13.9°and 30°, respectively. This is in agreement with the experimental observations reported by [13, 18] , where d r is observed to vary between [0, 1/2], as discussed in Section 3. This effect is presumably induced by the roughness of the crack path which is caused by the lattice geometry. The maximum variation in the average slope is 8.86%. Hence, the effect of lattice orientation on the yield strength is small. Therefore, based on the present MD studies, the nominal yield strength (r N ) of Graphene are found to vary as %L À1/3 . According to Griffith's theory [29] , brittle fracture occurs when the released strain energy exceeds the surface energy required for an infinitesimal extension of the crack. For an edge crack of initial length a 0 , based on the Griffith criterion the critical stress at the onset of fracture, r N , can be expressed as a function of a 0 , as [42] :
where E is Young's modulus and c is the surface energy, which is the edge energy for a 2D material like Graphene. Eq. (5) can be rearranged as,
The left-hand side of Eq. (6) contains only the computed fracture quantities, namely fracture stress and crack size, whereas the right-hand side depends only on material parameters. Therefore, based on Eq. (6), the Griffith theory of brittle fracture is applicable to Graphene, if the estimated pairs of r N and a 0 results in a constant Table 1 , for different domain sizes, when the lattice is oriented along the 0°. The mean and standard deviation of the factor r N ffiffiffiffiffi a 0 p in Table 1 , and for different domain sizes with lattice oriented along 0°, 13.9°and 30°, are shown in Table 2 .
From Table 2 , the maximum and minimum standard deviations are observed to be 1.449 and 0.306, respectively. Furthermore, variation of the yield strength with initial crack lengths in the range 0.1-0.6L are plotted in Fig. 7(d)-(f) , when the lattice is oriented along the 0°, 13.9°and 30°, respectively. The dotted lines in Fig. 7(d)-(f) indicate the linear fits and the corresponding fitted equations for the domain size 86 Â 86 nm 2 . From the fitted equations the slope of the curve is observed to be À0.46, À0.405 and À0.46, when the lattice is oriented along the 0°, 13.9°and 30°, respectively. Also the slopes are observed to gradually increase with the domain size, approaching À0.5 in the limit of infinite domain size, 60 nm in present work. Therefore, based on Fig. 7 , Tables 1 and 2 , r N can be assumed to vary as 1= ffiffiffiffiffi a 0 p and hence the factor r N ffiffiffiffiffi a 0 p can be assumed to be constant for initial crack lengths between 0.1L-0.6L. Furthermore, the curves in Fig. 7(a) -(c) tend to become straight as the domain size increases, indicating that the deviation with the mean reduces as the domain size increases. This is further confirmed by the gradual reduction of the standard deviation values with the domain size as listed in Table 2 . This behavior is expected and is in agreement with the continuum theory [42] . However, for small domain sizes and small and large initial crack lengths, the continuum theory fails [40] . In this paper, a 0 6 0:1L and a 0 P 0:6L are considered as small and large initial crack lengths, respectively.
Conclusions
Molecular dynamics based simulations have been carried out to investigate the combined effect of domain size, crack length and lattice orientation on the yield properties of Graphene. Six different square domains with three different lattice orientations and thirteen different initial crack lengths are considered to carry out a total of 252 simulations. Results from molecular dynamics simulations are correlated to the continuum based size-effect law and the multifractal scaling law. The yield strength is observed to vary as %L À1/3 . This is in agreement with MFSL. Furthermore, the yield strength is observed to vary as the inverse square of the initial crack length % a À1=2 0 , when the initial crack lengths lie in the range 0.1-0.6L, in agreement with the Griffith's theory of fracture.
Distribution of the stress-strain plots with varying domain sizes, initial crack lengths and lattice orientations are studied. The yield values are observed to drop significantly for small initial crack lengths less than or equal to 0.1L. The yield values are also observed to decrease with the increase in domain size, as the larger specimens offer more spaces for dislocations to initiate. Combined effect of the domain size, lattice orientation and crack length on the yield values of stress and strain have also been put into evidence. Table 2 Mean and standard deviation of the factor rN ffiffiffiffiffi a0 p in Table 1 
